Introduction
The epithelial-mesenchymal transition (EMT) is an adaptive response of tubular epithelial cells (TECs) after persistent injury and is crucial for the induction and progression of renal fibrosis [1, 2] . During the EMT process, TECs in the kidney lose their epithelial phenotypes, such as Tight junction protein 1 (Tip1; also known as ZO-1) and E-cadherin expression, and regain new characteristic features of mesenchymal cells, including a-smooth muscle actin (a-SMA) and vimentin expression [3] [4] [5] . In the injured kidneys, a partial EMT of renal epithelial cells is activated and relays crucial signals, including growth factors, cytokines and chemokines, to induce, directly or indirectly, the synthesis and deposition of extracellular matrix (ECM) components, such as type I and III collagens [6] . This deposition of ECM may be a part of the repair processes if the injury can be controlled. Thus, in this case, moderate fibrosis is beneficial to tissue repair and remodeling after injury. However, if the injury-causing irritants persist or the repair mechanisms are disrupted, the excessive accumulation of ECM components in the cortical interstitium drives renal fibrogenesis [7] . Thus, a possible key to an appropriate and effective therapy for fibrotic kidney diseases is to identify a strategy that controls renal fibrosis and avoids excessive tissue destruction.
It is important to understand the mechanisms that regulate the EMT programme [2] . After injury, TECs proliferate to maintain the physiological structure or replace the damaged cells, which plays a crucial role in kidney repair and remodeling [8] . Damaged TECs also release growth factors and activate some signaling pathway to initiate a host repair, regenerative response and partial EMT [2] . Of the many factors triggering EMT by different mechanisms, transforming growth factor (TGF)-b1 is known as an important inducer that initiates and completes the entire EMT process [8, 9] . TGF-b1 induces the expression of many transcriptional repressors (e.g. Snail and ZEB1) by the downstream Smad signaling pathway, resulting in the downregulation of adherens junction components and the upregulation of mesenchymal markers [10] . In addition, TGF-b1 also induces proteolytic shedding of these adhesion proteins by matrix metalloproteinases [11] . Thus, TGF-b1 disrupts cell polarity, induces the loss of epithelial intercellular adhesion and promotes cell migration.
TGF-b1-induced EMT can be inhibited or even reversed by bone morphogenic protein-7, and thus protects against kidney damage and matrix production [12] . The mesenchymal-epithelial transition (MET) is the reverse process of EMT, and has been confirmed in vivo and in vitro. Except for the collecting duct, the majority of the renal tubules in mature kidney are developmentally derived from the metanephric mesenchyme through the MET [13] . In addition, some small molecules are also demonstrated to reverse EMT, such as HGF, a potent regenerative factor, and Alk3, a type I receptor for bone morphogenic protein-7 [14, 15] . Recent studies have shown that activated hedgehog signaling is involved in tissue fibrogenesis via EMT, and the inhibition of this pathway may reverse EMT and establish fibrosis [16] [17] [18] . The hedgehog pathway is triggered when a ligand, such as sonic hedgehog (Shh), binds to its membrane receptor patched1 (Ptch1). This binding releases the signal transducer smoothened (Smo) and activates a cascade that ultimately translocates the transcription factor Gli to the nucleus [19] . As a result, activated hedgehog signaling promotes the fibrosis of many tissues, including the kidney [20] . During renal fibrogenesis, hedgehog signaling is activated in a paracrine manner and then activates the myofibroblasts by regulating the expression of fibrogenic genes, such as Gli1 and a-SMA, resulting in excessive ECM deposition and scar formation [21, 22] . Because both hedgehog signaling and TGF-b1 are involved in tubular EMT, there may be a relationship between the two pathways. For example, the results of previous studies showed that TGF-b1 activates Gli2 independent of Ptch1/Smo in human fibroblasts [23] . However, the association between the hedgehog pathway and TGF-b1 during injury-induced EMT should be identified further.
In the present study, we aimed to investigate whether there is cross-talk between the hedgehog pathway and TGF-b1, which is then involved in mediating the EMT response after kidney injury. First, hedgehog signaling activity was examined in the kidneys of rats with ureteral obstruction and ischemia-reperfusion, as well as in cultured TECs treated with aristolochic acid (AA), a toxic ingredient from Chinese herbs. Second, exogenous recombinant sonic hedgehog (Shh) was used to activate hedgehog signaling and cyclopamine was used to block the pathway to clarify the role of hedgehog signaling in EMT. Finally, the association between TGF-b1 and hedgehog signaling was evaluated.
Results
Hedgehog signaling activity and TGF-b1 levels during EMT after kidney injury Initially, we evaluated the effect of injury on EMT and fibrosis in various kidney disease models. In kidneys with 7 days of unilateral ureteral obstruction (UUO), hematoxylin and eosin (HE) staining revealed marked tubular dilation and atrophy, and Masson's trichrome staining demonstrated severe interstitial fibrosis (Fig. 1A) . The fibrotic changes were also confirmed by excessive deposition of ECM components, including enhanced protein expression of type III collagen (Fig. 1B) and mRNA expression of Col1a1 (encoding type I collagen) and Col3a1 (encoding type III collagen) (Fig. 1C) . Similarly, in rats with ischemia-reperfusion injury (IRI), histological examination revealed tubular dilation and a greater interstitial volume, particularly at 24 h after injury ( Fig. 2A) . Thus, kidney injury, particularly chronic injury, contributes to fibrotic outcomes.
Second, in the UUO kidneys, the a-SMA and vimentin proteins were increased and E-cadherin protein was decreased (Fig. 1D,E) , suggesting that the EMT response was induced by obstruction injury. In addition, the results from quantitative RT-PCR (qRT-PCR) also identified the obstruction-mediated EMT, as indicated by upregulated expression of the Vim (encoding vimentin) and Acta2 (encoding a-SMA) mRNAs, and downregulated expression of the Cdh1
(encoding E-cadherin) mRNA (Fig. 1F ). In the IRI kidneys, the EMT process also occurred (Fig. 2B) . Thus, these findings indicate that injury induces the phenotypic transition of TECs.
In the injured kidneys, the expression of Ki67, a specific marker of cellular proliferation, was enhanced (Fig. 3A) . Interestingly, Ki67 is mainly expressed in the renal cortex, particularly around the renal tubules, indicating that its expression may be associated with the proliferation of epithelial cells. As a result, some proliferation-related signaling may be activated in the injured TECs to induce TEC proliferation and the EMT programme. These signaling pathways include the TGF-b1/Smad and hedgehog signaling pathways. Thus, these signaling pathways have a key role in EMT induction after kidney injury. Previous studies have demonstrated that TGF-b1 is a crucial inducer of the EMT response. In the present study, we also identified elevated TGF-b1 levels in the UUO kidneys, as determined by ELISA (Fig. 3B) . Additionally, upregulated protein and mRNA expression of TGF-b1 were observed in the obstructed kidneys (Fig. 3C,D) .
Furthermore, obstruction injury increased mRNA expression of TGF-b1 receptor Tgfbr1 (Fig. 3D) . The results obtained in the IRI models were similar to those of the UUO models (Fig. 2C) .
In addition to TGF-b1, enhanced hedgehog signaling activity was observed in the injured kidneys. Our results revealed that the obstruction increased Shh levels (Fig. 3E) , upregulated the expression of the Shh, Smo and Gli1 proteins, and downregulated the expression of the Ptch1 protein (Fig. 3F ). In addition, mRNA expression, as indicated by qRT-PCR, also confirmed the activation of hedgehog signaling after obstruction injury (Fig. 3G) . Similar to the UUO kidneys, increased hedgehog signaling activity also occurred in the IRI kidneys (Fig. 2D,E) . Thus, hedgehog signaling is activated following kidney injury. Notably, the receptor of the hedgehog pathway, Ptch1, is mainly expressed in the epithelial cells around the renal tubules (Figs 2E and 3F), suggesting that activated hedgehog signaling may be the main pathway that induces TECs proliferation and trans-differentiation. Hedgehog signaling, as well as TGF-b1, may be closely related to EMT induction. Unexpectedly, there is a possible association between activated hedgehog signaling and TGF-b1. We compared the renal Shh secretion with the TGF-b1 levels at different time points after obstruction injury. The correlation analysis showed that the Shh levels increased over time after the obstruction injury and were positively correlated with the TGF-b1 levels (r = 0.985, P = 0.015) (Fig. 3H) . We hypothesized that this association may be a result of cross-talk between these pathways after injury.
To further clarify the above results, gene chip technology was used to analyze the difference in gene expression between the UUO and sham-operated groups. Gene Ontology (GO) analysis revealed the differentially expressed genes in obstruction-induced injury (Tables S1-S3 ). These genes were involved in ECM-receptor interactions, the cell cycle, focal adhesions and proliferation pathways (Fig. 4) and their differential expression supported the conclusion that injury induces EMT and the fibrotic response. The results showed that the expression of Tgfb1, Tgfb2, Tgfb3 and Gli1 was significantly increased in the obstructed kidneys, and the expression of Hhip, a secreted glycoprotein that interacts with Shh and functions as hedgehog inhibitor, was decreased. Taken together, these data again indicate that hedgehog signaling and TGF-b1 are involved in injury-induced EMT and fibrosis.
Reversal of kidney injury reduces EMT, TGF-b1 levels and hedgehog signaling activity To provide additional evidence that both hedgehog signaling and TGF-b1 play a key role in EMT induction and fibrosis, we complemented the in vivo studies with an evaluation of the effects of recanalization on TGF-b1 expression and hedgehog signaling activity after obstruction injury. Rats with 1-day bilateral ureteral obstruction (BUO) were selected as the controls for the 7-day recanalized rats. As with UUO, BUO induced marked tubulointerstitial lesions, including obvious diffuse congestion and edema, dilated tubules, and interstitial fibrosis (Fig. 5A ). Masson's trichrome staining showed that the total collagen deposition in the BUO kidneys was less pronounced because of the shorter time of the injury (Fig. 5A) . Additionally, the BUO operation increased expression of the a-SMA and type III collagen proteins and decreased the expression of the E-cadherin protein (Fig. 5B,C) . Moreover, downregulated transcript levels of epithelial markers (Tip1 and Cdh1) and upregulated levels of mesenchymal markers (Vim, Acta2, Col1a1 and Col3a1) (Fig. 5D ) were observed. These findings in the BUO kidneys indicate the induction of EMT and the excessive deposition of ECM components. After the Fig. 3 . TGF-b1 levels and hedgehog signaling activity in the kidneys after obstruction injury. (A) Representative Ki67 staining of kidney sections (n = 20 for each group) from the control and 7-day UUO models. Scale bars = 50 lm. (B) TGF-b1 levels (n = 3 rats in each group) in the control and UUO models were determined by ELISA. (C) Representative TGF-b1 staining of kidney sections (n = 20 for each group) from the control and UUO models. Scale bars = 50 lm. (D) Relative mRNA expression of Tgfb1 and Tgfbr1 (n = 6 for each group) in the control and UUO models. (E) Shh levels (n = 3 rats in each group) in the control and UUO models were determined by ELISA. (F) Immunohistochemical staining for Shh, Ptch1, Smo and Gli1 in the control and UUO kidneys. Scale bars = 50 lm. (G) Relative mRNA expression of Shh, Ptch1, Smo and Gli1 (n = 6 for each group) in the control and UUO models. (H) Correlation analysis for the Shh and TGFb1 levels at different time points (3, 7 and 14 days after obstructed operation) in the obstructed kidneys. Data are the mean AE SEM. *P < 0.05, # P < 0.01 (t-test).
recanalization operation, these injuries to the renal interstitium, which included tubular dilation and atrophy and the deposition of total collagen, were alleviated (Fig. 5A ). In addition, recanalization also inhibited the phenotypic transformation and reduced the ECM accumulation (Fig. 5C,D) . Thus, recanalization attenuates the obstruction-induced EMT and interstitial fibrosis.
As noted above, elevated TGF-b1 levels associated with activated hedgehog signaling was observed in the UUO kidneys. As expected, these changes were also found in the BUO kidneys. After the recanalization operation, the elevated levels of TGF-b1 were reduced and this was accompanied by downregulated mRNA and protein expression of Gli1, a target of hedgehog signaling ( Fig. 6A -C,E). However, recanalization did not change the expression of the Ptch1 mRNA or the Shh protein levels ( Fig. 6C-E) , suggesting that the recanalization-induced reduction of the renal EMT and interstitial fibrosis may be associated with reduced hedgehog signaling activity in a noncanonical manner. The inhibition of hedgehog signaling activity, particularly Gli1 activity, may be an important strategy for attenuating renal fibrosis.
Hedgehog signaling activity and TGF-b1 levels in injury-induced EMT in vitro
Because the in vivo injuries induced TGF-b1 expression and the activation of hedgehog signaling, we aimed to determine whether and how similar changes occur in vitro after injury. AA has shown to be a potent mutagen and induces significant cytotoxic and mutagenic effects on renal TECs [24] . Clinically, AA can cause the so-called AA nephropathy, a devastating disease characterized by chronic renal failure or urothelial cancers [25] . Thus, AA was used in the present study to induce injury of TECs (NRK-52E). As expected, a morphological examination demonstrated that cell injury was significantly aggravated and the cell number was decreased in AA-treated TECs (data not shown) and the WST-1 assay showed that AA decreased cell viability in a dose-dependent manner (Fig. 7A) . Additionally, Hoechst 33258 staining and flow cytometry analysis indicated that AA induced marked cellular apoptosis and necrosis, which was aggravated as the culture time and the AA concentration increased (Fig. 8A,B) . The expression of Ki67 was enhanced during the injury process (Fig. 8C) . Furthermore, the mRNA and protein levels of p53 (encoded by the gene Tp53) and c-Myc (encoded by the gene Myc) were markedly increased in AA-treated TECs (Fig. 7B,C) . The elevated expression of c-Myc and Ki67 indicates that the TECs proliferated after injury [26] . As a tumor suppressor protein, p53 plays a key role in apoptosis, genomic stability and the inhibition of angiogenesis. However, mutations that deactivate p53 usually occur in AA-treated TECs, and promote the loss of regulation of cell growth, apoptosis and DNA repair. Thus, the Tp53 gene is transformed into an oncogene and increases cell proliferation [27] . These results suggested that cellular apoptosis and necrosis are induced by AA, accompanied by proliferation [28] . Cell proliferation may occur through a feedback model in response to AA injury.
In the AA-induced injury micro-environment, apoptosis, necrosis and feedback proliferation occur in TECs. However, to avoid more serious damage, the TECs may lose their epithelial phenotype and reacquire mesenchymal features if the injury is slight and persistent. To confirm this hypothesis, the TECs were treated with 10 lgÁmL À1 AA. The results from the immunofluorescence staining, qRT-PCR and immunoblotting showed that AA decreased the levels of epithelial markers, including the E-cadherin protein and the Cdh1 and Tjp1 mRNAs ( Fig. 7D-F) , which are the main components of the junctional complexes that maintain the tight junctions between cells. Moreover, AA also increased the levels of mesenchymal markers, including a-SMA protein and the Acta2 and Vim mRNAs (Fig. 7D-F) . In addition to these typical EMT markers, AA markedly upregulated the levels of the type III collagen protein and the Col1a1 and Col3a1 mRNAs (Fig. 7D,F) , the two most important types of ECM components that trigger renal fibrogenesis [29] . Moreover, AA injury also inhibited the mRNA expression of the EMT antagonist Bmp7 (Fig. 7F) . Thus, these findings demonstrate EMT and ECM deposition in TECs after injury. Next, we evaluated the effect of AA injury on the expression of TGF-b1 in TECs. We found that a low concentration (approximately 1-10 lgÁmL À1 ) AA treatment of NRK-52E cells for 24 h significantly increased the levels of TGF-b1, as determined by a ELISA (Fig. 9A) . Unexpectedly, however, a high concentration (> 10 lgÁmL À1 ) of AA treatment reduced the TGF-b1 levels. This reduction in TGF-b1 levels may be directly related to the excessive injury-induced reduction in the number of TECs. These findings revealed the importance of the drug concentration in a special environment. Immunofluorescence staining and qRT-PCR also confirmed the increased protein and gene expression of TGF-b1 in the 10 lgÁmL À1 AAtreated NRK-52E cells (Fig. 9B,C) . Furthermore, AA also increased the expression of the Tgfbr1 mRNA (Fig. 9B) . Elevated Tgfbr1 expression after injury mediates the biological function of TGF-b1 and induces EMT and ECM synthesis, thereby promoting renal fibrosis. As already noted, the proliferation-related hedgehog pathway may be activated because the injury-induced increase in Ki67, p53 and c-Myc expression indicated injury-mediated proliferation [30] . In the present study, this hypothesis was confirmed by the increased Shh levels in AA-treated TECs (Fig. 9D) . However, similar to TGF-b1, Shh production was not absolutely concentration-and time-dependent. In addition to Shh, AA also augmented the protein and mRNA expression of Smo and Gli1, and decreased the expression of Ptch1 (Fig. 9E,F) . The expression pattern indicated increased hedgehog pathway activity during EMT after AA injury. Activated hedgehog signaling may be important to induce cell feedback-mediated proliferation and also to promote EMT and ECM production.
TGF-b1 and hedgehog signaling mediates injuryinduced EMT in vitro
If both activated hedgehog signaling and enhanced TGF-b1 levels were the main pathways triggering EMT and the fibrotic response, then regulating hedgehog signaling activity or the TGF-b1 levels might reverse or aggravate these effects. In the present study, cultured NRK-52E cells were first treated with AA and cyclopamine (approximately 1-10 lM), a potent and highly specific hedgehog pathway inhibitor [31] . Compared to the AA-treated group, cyclopamine reduced the expression of Smo and Gli1 and increased the expression of Ptch1, suggesting that hedgehog signaling activity was inhibited as expected (Fig. 10A,B) . Unexpectedly, however, the ELISA assay showed that cyclopamine promoted Shh expression (Fig. 10C) . Smo, the downstream molecular of Shh, is a specific target of cyclopamine and the cyclopamine-induced reduction of Smo may result in excessive accumulation of the Shh protein. The downregulated hedgehog signaling activity in TECs correlates with the inhibition of cell proliferation, as indicated by decreased Ki67 expression (Fig. 10D) . In addition, cyclopamine augmented the expression of E-cadherin and Bmp7 and inhibited the expression of type III collagen and Col1a1 (Fig. 10E,F) , demonstrating that blockade of the hedgehog pathway reversed the EMT and reduced the ECM components.
To further confirm that hedgehog signaling exerts a regulatory role in EMT and on ECM synthesis, the NRK-52E cells were treated with the exogenous recombinant Shh ligand (approximately 0-50 ngÁmL
À1
) and changes in protein expression were analyzed by immunoblotting and immunofluorescence staining. We found that Shh enhanced the Smo and Gli1 proteins and reduced the Ptch1 protein, which thus increased hedgehog signaling activity (Fig. 11A,  D) . Additionally, Ki67 expression was also increased in Shh-treated NRK-52E cells (Fig. 11C) , suggesting that cell proliferation was induced by activated hedgehog signaling. Furthermore, Shh induced the overexpression of several mesenchymal molecules, including a-SMA, Rac1 (a migration marker) and type III collagen (Fig. 11B,D) . Conversely, the expression of E-cadherin was decreased (Fig. 11B) , suggesting that exogenous Shh activated hedgehog signaling to promote the phenotypic transition from epithelial cells to mesenchymal cells. The Shh-mediated signaling activation and EMT can be inhibited by cyclopamine, as shown by qRT-PCR (Fig. 11E) , which once again supported the concept that hedgehog signaling has a regulatory role in EMT. This change in cell morphology not only contributes to a variety of biological functions, such as cell adhesion and spreading, but also acquires the ability to adapt to a detrimental microenvironment. Next, we evaluated the effect of TGF-b1 on injuryinduced EMT. The NRK-52E cells were treated with the recombinant TGF-b1 protein and gene and protein expression were analyzed by qRT-PCR and ABC-ELISA. The 5 ngÁmL À1 TGF-b1-treated NRK-52E cells upregulated the a-SMA and type III collagen proteins and the Col1a1 and Col3a1 mRNAs, accompanied by downregulation of the E-cadherin protein and the Tjp1 and Bmp7 mRNAs (Fig. 12A,B) , which thereby mediates the EMT and promotes ECM production. TGF-b1-induced EMT can be inhibited by reducing the TGF-b1 activity. A specific TGF-b1-neutralizing antibody was administered to the cultured NRK-52E cells after TGFb1 treatment. The results showed that the TGF-b1-neutralizing antibody reduced the levels of the a-SMA, Rac1 and type III collagen proteins, and increased E-cadherin protein expression (Fig. 12C,D) . Taken together, these findings identified the regulatory effect of TGF-b1 on the EMT response.
Cross-talk between TGF-b1 with hedgehog signaling during the EMT process
After AA injury, both enhanced TGF-b1 expression and activated hedgehog signaling were simultaneously observed in the TECs. However, their association is not yet fully understood. Thus, we first examined the ) of Shh did not show this pattern (Fig. 13A) . The plateau of Shh-induced TGF-b1 expression may correlate with the number of cells. The Shh-enhanced expression of the TGF-b1 protein was also confirmed by immunofluorescence staining (Fig. 13B) . In addition, the expression of the Tgfb1 and Tgfbr1 mRNAs was significantly increased in Shhtreated NRK-52E cells and was consistent with the changes in the protein levels (Fig. 13C) . These results demonstrated that increased hedgehog signaling activity induces TGF-b1 expression. However, this induction can be inhibited by cyclopamine treatment. Cyclopamine inactivated hedgehog signaling and downregulated the Tgfb1 and Tgfbr1 mRNAs (Fig. 13C) . Combined with the results described above concerning the effect of activated hedgehog signaling on TGF-b1 expression and EMT after injury, these results indicated that TGF-b1 may be the key downstream molecule of hedgehog signaling that triggers the EMT process.
However, we found that hedgehog signaling can be regulated by TGF-b1 in TGF-b1-treated TECs. As noted above, TGF-b1 induced cell proliferation by promoting Ki67 expression. The enhanced TEC proliferation was associated with the activation of hedgehog signaling by upregulating the expression of Smo and Gli1 and downregulating the expression of Ptch1 (Fig. 13D,E) . In addition, the TGF-b1-neutralizing antibody also abolished the TGF-b1-mediated activation of hedgehog signaling (Fig. 13D,E) , indicating that TGF-b1 also acts on the hedgehog signaling pathway and would create a strong positive feedback loop. This may strengthen the hedgehog-mediated trans-differentiation of TECs after injury. The above studies also showed that the blockade of hedgehog signaling can reduce the TGF-b1 levels in injuryinduced EMT. Similarly, inhibition of TGF-b1 activity can also inactivate hedgehog signaling. As a result, EMT and ECM deposition was inhibited. Therefore, a positive feedback loop between TGF-b1 and hedgehog signaling may be crucial for renal EMT induction after injury.
In conclusion, after injury, enhanced TGF-b1 expression and activated hedgehog signaling can directly or indirectly interact with each other in TECs, resulting in the induction of EMT and the production of ECM. The present study provides a new mechanism concerning fibrotic recovery after injury that may provoke novel specific therapies.
Discussion
In the present study, we evaluated the association between the hedgehog signaling pathway and TGF-b1 and their roles in EMT and the fibrogenic response after injury. In the injured kidneys, including ureteral obstruction and ischemia reperfusion injuries, enhanced TGF-b1 levels and hedgehog signaling activity were observed, and both were closely related to the induction of the EMT. The reversal of kidney injury abolished the phenotypic transformation of TECs, reduced the expression of TGF-b1, and inhibited the activation of hedgehog signaling. In cultured TECs, the known toxicant AA induced marked cellular injury and was accompanied by the EMT response, enhanced TGF-b1 expression and activated hedgehog signaling. Inhibiting either hedgehog signaling or TGF-b1 levels blocked the EMT and reduced ECM deposition. Thus, the hedgehog signaling associated with TGF-b1 plays an important role in the injury-induced EMT response.
Previous studies have demonstrated that TEC apoptosis, necrosis and autophagy are the main features after injury [32] [33] [34] . After injury, some signaling pathways and kinases may first be activated to stimulate and induce TECs injury, including cell cycle arrest [34] [35] [36] . The injured cells can also synthesize and release some inflammatory factors and mediators, such as cytokines, chemokines and adhesion molecules, onto the surrounding cells [37] . As a result, these cells are induced to proliferate, which is accompanied by the activation of some signaling pathways. For the injured cell itself, the different mechanisms and the extent of the injury determine the different cellular fates. TEC apoptosis is common and typical, and may be the result of an epithelial G2/M arrest [34, 35] . In the present study, time-and concentration-dependent epithelial apoptosis was also observed in AA-treated TECs. In addition, cell proliferation was inhibited after injury. Furthermore, AA-induced injury also increased mRNA and protein expression of p53 and cMyc. p53 plays an important role at the G2 checkpoint that regulates the G2/M transition in response to DNA damage [38] . p53 null mice exhibit less renal fibrosis in ischemia-reperfusion injury [39] . In addition to p53, c-Myc is tightly correlated with the progression of the cell cycle [40] and has fundamental roles in cellular proliferation and apoptosis. The enhanced expression of p53 and c-Myc in the present study indicated that TEC apoptosis was induced and proliferation was inhibited after injury, which may be associated with cell cycle arrest.
The TEC repair process after injury involves regeneration and the EMT response [3, 41] . When the injury is moderate, limited and short-term, cell death is controlled by the regenerative process, in which functional TECs can be replaced by cells of the same lineage. When regeneration fails to keep pace with cell death, the injured TECs may lose their polarity, develop the ability to migrate and acquire improved plasticity. As a result, the trans-differentiation of TECs is induced and is involved in renal fibrosis. TGF-b1 is regarded as a classical key inducer that triggers the EMT response [8] . TGF-b1 signaling is mediated by the specific receptor TGF-b1R and exerts its pro-fibrotic function, including TEC trans-differentiation and myofibroblasts proliferation, by regulating Smad family proteins, such as the phosphorylation of Smad2 and Smad3. The results of the present study support the concept that injury induces TGF-b1 expression, which may be a result of cell cycle arrest [35] , and then promotes the EMT and ECM production but is inhibited by a specific neutralizing antibody.
In addition to TGF-b1, the present study also showed that hedgehog signaling is activated after injury. Hedgehog signaling is a key proliferative pathway that plays a crucial role in nephron formation and kidney development [42, 43] . Previous studies have shown that the aberrant activation of this pathway results in renal fibrogenesis [18, 21] . The results of the present study also identified the activation of hedgehog signaling in TECs after AA injury, as well as the activated hedgehog pathway induced by the exogenous recombinant Shh protein induced EMT and the production of ECM. In addition, hedgehog signaling activity was increased by TGF-b1. Inhibiting the hedgehog pathway with cyclopamine inhibited AA-or TGF-b1-mediated EMT and ECM production. Thus, hedgehog signaling mediated injury-induced EMT and fibrotic changes. Novel therapeutic strategies that halt or perhaps reverse the hedgehog-mediated EMT to attenuate renal fibrosis are promising.
Although the present study showed that the blockade of hedgehog pathway had a therapeutic effect on renal fibrosis after AA injury in vitro, there are still some problems. We found that higher concentrations (10 lM) of cyclopamine not only inhibited the EMT and collagen production, but also inhibited cell proliferation and induced apoptosis. In addition, high concentrations of cyclopamine enhanced the Shh levels, which may activate other alternative signaling pathways. As a result, it may be not effective and may even cause more serious damage in vivo. Thus, suitable and safe concentrations of hedgehog signaling inhibitors, such as cyclopamine, are very important for the treatment of kidney injury, and further studies in vivo are needed.
Currently, the association between TGF-b1 and hedgehog signaling remains unclear, although both of them have been demonstrated to promote the EMT. It was reported that TGF-b1 modulates the expression of key components of the hedgehog pathway independent of Smo in idiopathic pulmonary fibrosis [44] . TGF-b1 is also a potent transcriptional inducer of the Gli transcription factors and Gli2 induction by TGF-b1 is independent of hedgehog receptor signaling [22] . However, other studies showed that upregulation of Shh contributes to the TGF-b1-induced EMT in NSCLC cells [45] and Gli2 protein can regulate TGFb1 levels in human CD4 + T cells [46] . In the present study, activated hedgehog signaling induced the expression of TGF-b1 and its receptor in cultured TECs, which could be inhibited by the hedgehog signaling antagonist cyclopamine, suggesting that the hedgehog-induced EMT may require TGF-b1. Interestingly, however, TGF-b1 can increase the activity of hedgehog signaling by inducing Smo and Gli1 expression. TGF-b1 neutralizing antibody can also abolish TGF-b1-mediated signaling activity and EMT. Thus, these results demonstrated that there is cross-talk between hedgehog signaling and TGF-b1 that can form a positive feedback loop and coordinate the induction of EMT (Fig. 13H) .
There are some limitations to the present study. For example, a genetic approach and an in vivo experiment concerning the association between TGF-b1 and hedgehog pathways during EMT needs to be conducted. In addition, the mode of action between TGFb1 and hedgehog pathways should also be clarified.
In conclusion, our in vivo and in vitro experiments demonstrate that injury activated hedgehog signaling, accompanied by the enhanced expression of TGF-b1 and its receptor, resulting in tubular EMT and ECM production. Reversal of the injury abolished the phenotypic transformation of TECs, reduced TGF-b1 levels and inhibited hedgehog signaling. This EMT response and the fibrotic appearance were also induced by TGF-b1 or Shh, suggesting that TGF-b1 and hedgehog signaling play important roles in injuryinduced EMT. Inhibiting the hedgehog pathway with cyclopamine abolished AA-and TGF-b1-induced EMT and ECM synthesis. Similarly, decreasing TGFb1 activity with the neutralizing antibody also inhibited AA-and hedgehog-mediated EMT, indicating that there is cross-talk between TGF-b1 and hedgehog signaling. This cross-talk in TECs after injury induced tubular EMT and promoted ECM production, resulting in renal fibrogenesis. Thus, new therapeutic targets to alleviate fibrosis should focus not only on TGF-b1, but also on hedgehog signaling. This will lead to new strategies for treating tissue fibrosis and other related diseases.
Materials and methods

Animal model and tissue preparation
Six-to 8-week-old male Sprague-Dawley rats weighing 180-200 g were purchased from the Experimental Animal Center of Wenzhou Medical University (Wenzhou, China). The rats were housed in a temperature-, humidity-and light-controlled environment, and were fed standard rat chow and water. The rats were fasted on the day prior to the experiments. The animal study protocols were approved by the Institutional Animal Care and Use Committee of Wenzhou Medical University, China. The methods were also performed in accordance with the guidelines approved by the Institutional Review Board of Wenzhou Key Laboratory of Surgery, China.
Weight-matched rats were randomly assigned to three groups: (a) an obstruction group; (b) a recanalization group; and (c) an ischemia-reperfusion injury group. The UUO model was generated by ligating the left ureter, as reported previously [47] . Ischemia was induced in both kidneys by the retroperitoneal approach for 30 min at 37.0°C. The shamoperated controls for UUO and ischemia were performed with both kidneys but without ligation and ischemia. BUO surgery for 1 day was performed as the control for recanalization, and the recanalization surgery was performed 1 day after BUO. The kidneys were excised on days 3, 7 and 14 after obstruction or recanalization surgery. The kidneys were excised at 6, 24 and 72 h after ischemia.
Histopathological examination
The formalin-fixed, paraffin-embedded kidney specimens were cut into 4-lm sections and stained with HE (Yuanye Biotechnology, Shanghai, China) and Masson's trichrome (Yuanye Biotechnology). The slides were examined and imaged using a DM4000 B LED microscope system (Leica Microsystems, Wetzlar, Germany) and a DFC 420 C 5M digital microscope camera (Leica Microsystems). The tubulointerstitial damage and the degree of interstitial collagen deposition were graded as described previously [47] .
Immunohistochemical analysis
Immunohistochemical analysis was performed with 4-lm thick kidney sections that had been dewaxed with xylene and hydrated using sequential ethanol (100%, 95%, 85% and 75%) and distilled water washes. The endogenous peroxidase was blocked with 3% hydrogen peroxide. Antigen retrieval was performed by heating the sections in 0.1% sodium citrate buffer (pH 6.0). Shh (dilution 1 : 200; Biogot Technology, Shanghai, China), Ptch1 (dilution 1 : 400; Santa Cruz Biotechnology, Santa Cruz, CA, USA), Smo (dilution 1 : 400; Santa Cruz Biotechnology) and Gli1 (dilution 1 : 100; Biogot Technology) antibodies were used to examine the hedgehog signaling pathway. To examine the EMT, a-SMA (dilution 1 : 400; Santa Cruz Biotechnology), type III collagen (dilution 1 : 200; Biogot Technology), vimentin (dilution 1 : 400; Santa Cruz Biotechnology), Rac1 (dilution 1 : 400; Santa Cruz Biotechnology) and E-cadherin (dilution 1 : 400; Abcam, Cambridge, MA, USA) antibodies were used. In addition, TGF-b1 (dilution 1 : 200; Biogot Technology) and Ki67 (dilution 1 : 300; Santa Cruz Biotechnology) expression was also determined using the immunochemical streptavidin-peroxidase method. All samples were semiquantitatively or quantitatively assessed by two independent investigators in a blinded manner.
Cell culture and treatments
The rat kidney tubule epithelium (NRK-52E) cells were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cells were maintained in Dulbecco's modified Eagle's medium (HyClone, Logan, UT, USA) supplemented with 5% fetal bovine serum (Gibco, Grand Island, NY, USA), 100 UÁmL À1 penicillin and 100 lgÁmL À1 streptomycin (Gibco). The NRK-52E cells were seeded on six-well culture plates and grown to approximately 60-80% confluence in complete medium containing 5% fetal bovine serum for 24 h; the media was exchanged for serum-free medium for 24 h before the treatment with recombinant TGF-b1 (PeproTech, Rocky Hill, NJ, USA), recombinant Shh (PeproTech) or AA (Sigma-Aldrich, St Louis, MO, USA), with or without the addition of cyclopamine (Merck, Darmstadt, Germany) or the TGF-b1-neutralizing antibody (dilution 1 : 100; Biogot Technology).
Cell viability assay
The viability of the AA-or Shh-treated NRK-52E cells was measured using the WST-1 cell proliferation and cytotoxicity assay kit (Beyotime Biotechnology, Jiangsu, China) in accordance with the manufacturer's instructions. At the indicated time points, 10 lL of different concentrations of this reagent was added to each well containing 100 lL of the cell suspension (5 9 10 3 cells) and incubated for an additional 1 h. A 450 was monitored and the reference wavelength was set at 690 nm. The percentage of cell viability was calculated by a comparison to the untreated control cells. All of the experiments were repeated at least three times.
Hoechst 33258 staining
AA-treated NRK-52E cells were seeded for 24, 48 and 72 h on sterile cover glasses in six-well plates, and then fixed, washed twice with PBS, and stained with the Hoechst 33258 staining solution in accord with the manufacturer's instructions (Beyotime). The stained nuclei were observed and imaged using a DM4000 B LED Microscope System (Leica Microsystems).
Cytokine assay
The rat kidney tissues (100 mg) were homogenized, centrifuged and the supernatant collected. The cells (5 9 10 3 cells) treated with AA or Shh with or without cyclopamine were seeded for 24 h, and the culture supernatant fluid was collected. An avidin-biotin complex ELISA was used in accordance with the manufacturer's instructions to determine TGF-b1 and Shh levels. TGF-b1 in all samples were first simulated and activated with 20 lL of 1 M HCI and 20 lL 1 M NaOH before the ELISA assay. The ELISA kits were purchased from Xitang Biotechnology (Shanghai, China). All experiments were repeated at least three times, and measures were normalized to total protein amounts using the bicinchoninic acid assay method.
Flow cytometry analysis
The cells were seeded for 24 h and then collected by centrifugation. The resuspended cells were incubated with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide at room temperature for 5 min in the dark. Annexin V-FITC binding was analyzed by flow cytometry (excitation = 488 nm; emmission = 530 nm) using an FITC signal detector and propidium iodide staining was analyzed by the phycoerythrin emission signal detector.
qRT-PCR
Total RNA was extracted from the NRK-52E cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and reverse-transcribed to cDNA templates using a ReverTra Ace qPCR RT kit (Toyobo, Osaka, Japan). qRT-PCR was performed using a SYBR Green Real-time PCR Master Mix Plus (Toyobo). The quality was analyzed on agarose gels, and the quantities were measured using Varioskan Flash (Thermo Fisher Scientific Inc., Waltham, MA, USA). The sequence-specific primers for Shh, Gli1, Ptch1, Smo, Col1a1, Col3a1, Tp53, Myc, Tjp1, Cdh1, Vim, Tgfb1, Tgfbr1, Bmp7 and Acta2 (Table S4) were synthesized by Invitrogen, and b-actin was used as an endogenous reference gene. The samples were analyzed in triplicate, and the melting curve was examined to confirm that a single product was amplified. For quantitative analysis, all samples were analyzed using the DDC t value method.
Immunofluorescence staining
The NRK-52E cells were cultured on six-well plates containing glass slides, washed in PBS, and fixed in 4% . After washing three times in PBS, the cell preparations were incubated with DyLight 488 (Green)/594 (Red)-labeled secondary antibodies (Sigma-Aldrich) for 1 h at room temperature. Finally, after the cell preparations were washed in PBS, they incubated with DAPI (SigmaAldrich) for 1 min at room temperature. After washing in PBS, a mounting media was dropped onto the cell preparations, which were mounted onto a slide. The immunofluorescence studies were quantitatively or semiquantitatively assessed by two independent investigators in a blinded manner.
Immunoblotting analysis
Total proteins from the cultured cells or kidney tissues were collected and the protein concentrations were determined using a bicinchoninic acid protein assay kit (Beyotime). Total cell proteins (20 lg) from each sample were separated by SDS/PAGE and transferred to a polyvinylidene difluoride membrane (Solarbio, Beijing, China). After treatment with 5% skim milk at 4°C overnight, the membranes were incubated with various antibodies for 1 h, and then incubated with the appropriate horseradish peroxidase-conjugated secondary antibody (Beyotime). The bound antibodies were visualized by chemiluminescence detection on autoradiographic film. The primary antibodies were: anti-p53 (dilution 1 : 500; Biogot Technology), anti-c-Myc 
Microarray experiment and GO classification
Total RNA was prepared from whole kidneys using TRIzol (Invitrogen). Gene expression studies were performed using the OneArray Plus microarray kit (Genechem Biotechnology, Shanghai, China) in accordance to the manufacturer's instructions. The raw data files were imported into the ROSETTA RESOLVER Ò SYSTEM (Rosetta Biosoftware, Seattle,
WA, USA) to analyze the gene expression data after hybridization and scanning. The error model was used to evaluate the credibility of the probe signal, and median scaling was used to normalize the database and expression levels. The normalizations standardize the data to facilitate the identification of genuine differences in gene expression. The log2 (ratio) and P-value of the differentially expressed genes were calculated. All significant gene entries were subjected to principal component analysis and clustering analysis using R, version 3.0.3 (R Foundation for Statistical Computing, Vienna, Austria).
Statistical analysis
Data are depicted as the mean AE SEM. All of the statistical analyses were performed using SPSS, version 16.0 (SPSS Inc., Chicago, IL, USA). A two-sided Student's t-test was used to analyze differences between the two groups. One-way analysis of variance was used when more than two groups were present. P < 0.05 was considered statistically significant. 
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